INTRODUCTION
Complex seafloor bathymetry presents challenges for imaging and interpretation during seismic exploration and monitoring. Complex structure can distort wavefronts and amplitudes, making it difficult to produce accurate velocity models and images. One particular type of structure that produces these imaging challenges is seafloor canyons occurring over a continental shelf edge. In this paper we investigate the effect of prism waves generated by seafloor canyons. For the purpose of this study we define prism waves as seismic waves that undergo multiple reflections at non-parallel interfaces (in this case the sides of the canyon) before propagating to the recording sensor array. These prism waves could present a challenge for imaging and interpretation, by appearing as artifacts in data that could be incorrectly interpreted as primary reflections during processing, or as geology during interpretation. Prism waves do not image correctly in migrated images because most migration techniques assume a single reflection; this key assumption is not valid for prism waves. Prism waves also violate the assumption, used in most seafloor multiple removal techniques, that the reflectors are approximately horizontal. This is a significant problem for the oil and gas industry as many targets lie beneath or proximal to these continental shelf breaks. Bisley and MacNeill (2008) , Debenham and Westlake (2013) demonstrated that such seafloor canyons present particular challenges on the NorthWest shelf (NWS) in Western Australia. Neglecting these wavefield complexities can result in inaccurate velocity models, significant imaging errors, misleading amplitudes and uncertain interpretations.
Although some techniques have been presented that partially address these issues, there is not a large body of literature around this topic and in many cases these issues remain unsolved problems. Berryhill (1986) suggested using waveequation datuming, Berryhill (1979) and Dent (1983) suggested using time-varying statics. While these techniques improve normal move-out (NMO) analysis around complex structures, they are based on a single reflection assumption and do not account for multiple scattering events such as prism waves. More recently Debenham and Westlake (2013) demonstrated improvements that resulted from careful velocity model building and Kirchhoff pre-stack depth migration (KPSDM); however this method is also based on a single reflection assumption and does not account for multiple-scatterers such as prism waves. Several imaging techniques are being developed that aim to use multiply-scattered waves as well as primary reflections (Cavalca and Lailly, 2007; Malcolm et al., 2009; Zuberi and Alkhalifah, 2014) . Currently these techniques have only been applied in synthetic salt dome scenarios; however the principles could also apply to seafloor canyons.
We describe the basic conditions necessary for the generation of prism waves. We demonstrate that prism waves can have a distorting effect on seismic data processing and interpretation by modelling the behaviour of prism waves using ray-trace modelling, finite-difference modelling and analytical analysis. The data from the finite-difference modelling is imaged using Kirchhoff migration and reverse time migration (RTM) to demonstrate the effects of prism waves.
METHODS

Ray tracing
We used two different methods to model the prism wave generation: ray-tracing and finite-difference modelling. The raytracing was a simple algorithm that used a two-dimensional seafloor canyon profile and analysed every pair of sourcereceiver points on the sea surface and every pair of reflection points on the sea floor. For each set of points we calculated
SUMMARY
Complex seafloor bathymetry can create significant challenges for subsurface imaging and geologic interpretation of seismic exploration and monitoring data. Steep seafloor canyons that cut through continental shelf areas can produce very strong seismic wavefield distortions. Neglecting such wavefield complexity can result in inaccurate velocity models, significant imaging errors, misleading amplitudes and uncertain geologic interpretations. In this paper we investigate the kinematic and dynamic effects of seismic "prism waves" generated by seafloor canyons. Prism waves are waves that undergo multiple primary reflections at scattering interfaces before propagating to the recording sensor array. We demonstrate that strong prism waves can be generated for realistic seafloor canyon geometries, and show how their adverse effects can contaminate the seismic imaging process.
Key words: Prism waves, seafloor, canyons, imaging whether they constituted a valid travel path that obeyed the law of reflection, and the corresponding travel time for that path. Using this tool we were able to model common mid-point (CMP) gathers for a conventional 2D survey running perpendicular to the canyon. The algorithm separated the primary and prism wave reflections and also recorded the travel paths. This simulation was run for canyons of several different widths. The canyon profiles used in these simulations are based on a cos 2 shape because this best matched the shape of canyons in bathymetry map data we have access to. The canyon presented here is 500m wide and ranges from 300m to 570m below the sea surface.
Finite-difference modelling
The finite difference simulations were conducted using our two-dimensional elastic staggered grid code based on Virieux (1986) . The models were similar to those used in the raytracing. The first test model had a constant velocity and a density contrast at the seafloor; while this is unphysical it enabled us to isolate the effects of the prism waves solely due to reflections, without any refractions. The second test model had the same density contrast and also contained a realistic velocity that varied with depth from the seafloor; this velocity model is shown in Figure 1 . For both of these models, shots were simulated every 15m with receiver data collected at every point along the sea surface. 
Migration imaging
The data from these experiments was migrated using Kirchhoff pre-stack time (KPSTM) and depth (KPSDM) migration codes using a commercial software package. Each data set was migrated with a constant water velocity model to emulate a first pass migration in an unknown velocity region, and then again with the correct velocity model to emulate an ideal case. We also migrated the data from the second model using RTM to demonstrate the effect of more sophisticated image processing.
RESULTS
Ray tracing
In the ray-traced CMP gathers the strongest prism wave effects were observed over the centre of the canyons. Figure 2 shows a gather offset from the centre of the canyon. The primary reflections are shown in black and the prism waves in red. The prism wave events occur at around the same time as the later primary events indicating that they are worthy of further investigation. Figure 3 shows the prism wave event paths occurring at 100 m offset but centred over the middle of the canyon, this figure shows how the two prism wave events at zero offset split into four events at a small offset. As offset increases the prism wave event reflecting twice in the base of the canyon moves to a single reflection at the base of the canyon and then disappears. The two prism wave events part way up the canyon walls collapse into a single prism wave event at the inflection point before disappearing. The shallowest prism wave event exists at all offsets; however at far offsets it becomes almost equivalent in amplitude and travel path to the single (primary) events on either side of the canyon. Results from wider canyons show the prism waves no longer occur at zero offset and become coincident with the primary reflections at far offsets. Figure 4 shows a CMP gather from the finite difference modelling equivalent to that shown in Figure 2 , the four prism wave events and three primary events in Figure 2 are visible in Figure 4 together with the direct arrival. This enables us to identify the travel paths for the finite-difference modelled events and observe that the prism wave event arriving at 0.8s, and earlier, has a lower amplitude than the prism wave event arriving at 0.82s and later. The events arriving later are those that bounce deeper in the canyon corresponding to the middle two travel paths shown in Figure 3 . Figure 5 shows the image of data from the second model (velocity gradient) migrated with a constant velocity. This is equivalent to a first pass migration attempting to locate the seafloor and the shallow sub-surface velocity structure. In the image the prism waves have produced both low and high frequency events directly beneath the centre of the canyon and the incorrectly migrated refracted; dipping events produce artifacts beneath the sides of the canyon and in the middle of the canyon. The prism waves were also evident in the migrated gathers from the constant velocity model; however the effects were attenuated better in the image stack due to the reduced complexity of the model. Figure 6 shows the same image after KPSDM with the correct velocity, in this case there are still some artifacts beneath the base of the canyon and some low frequency artifacts around the seafloor.
Finite-difference modelling
Migration
Two migrated gathers corresponding to these images at X = 0.05km are shown in Figure 7 . In Figure 7a the refracted primary reflections are obvious and the apparent slower prism wave events are also visible beneath them. In Figure 7b , despite using the correct velocity model the prism waves remain clear at around 0.8s and produce artifacts beneath the base of the canyon.
Using RTM we were able to better focus the canyon walls, but retained low frequency artifacts above and below the canyon as a result of prism waves and also introduced RTM multiple artifacts. 
DISCUSSION
Our results demonstrate that significant prism waves can be generated in realistic seafloor canyon environments. The raytrace modelling presented in Figure 3 demonstrates the mechanism behind the prism wave generation. From this modelling we are able to deduce that the limiting case for prism waves to begin to be observed at zero offset is when the only prism wave generated involves a wave reflecting at the inflection point on either side of a canyon. The ray-trace modelling also demonstrated that all canyons always produce some prism waves; however with narrower, deeper canyons the prism waves tend to have stronger effects. The finitedifference modelling also demonstrated that the prism wave amplitudes tended to be comparable to primary reflections at nearer offsets (Figure 4 and Figure 7 ).
In Figure 4 the prism waves present as hyperbolic events, however these hyperbolic events are not centred zero offset; they are centred at about 450m offset in this case. Events of this character cannot be produced by primary reflections because they would require a negative move out velocity which is a physical impossibility.
Our migration of the data shows that the artifacts produced by these prism waves can appear to be geological. This is most evident in Figure 5 , in this case prism waves produce low frequency energy both above and below the real canyon floor (at 500 ms and 830 ms), this is consistent with the effect seen in data in Debenham and Westlake (2013) Figure 4a . With some more complex layering these artifacts could easily be misinterpreted to be real structure. For example the events adjacent to the base of the canyon could be misinterpreted as layers pinching out, and the events at 500 ms and 830 ms could be misinterpreted as the actual seafloor or sediment fill. If the waves propagate only through water layer, all the seafloor reflections should be flat in the migrated gather shown in Figure  7a , however they are not flat because the primary reflections have refracted through the seafloor sediments adjacent to the canyon and the prism waves violate the single reflection assumptions present in most imaging methods.
Providing a correct velocity model (Figure 6 ) reduced the amount of artifacts, but all the images still contain significant artifacts that could be misinterpreted. This again demonstrates the effect of prism waves in violating the single reflection imaging assumption. We were able to correctly migrate the data because we had the correct velocity model; however in field data this is not the case. Figure 7a shows that the gathers contain many artifacts that appear to have different velocities, this would present a significant challenge when attempting to correctly determine the shallow velocity structure from velocity semblances and make a correct velocity migration much more difficult to achieve.
CONCLUSIONS
Our results demonstrate that significant prism waves can be generated in realistic seafloor canyon environments. We show by ray-tracing and FD modelling where prism waves occur in CMP gathers for the scenarios modelled. Our results suggest that the prism waves have the highest amplitudes and biggest time differences at zero and near offsets, and in narrower, deeper canyons. We also show that hyperbolic events centred away from zero offset in the CMP gathers are a powerful diagnostic tool for the presence of prism waves.
These prism waves produce artifacts that could be misinterpreted as geological structure.
Despite using increasingly sophisticated migration techniques the artifacts continued to deleteriously affect the image. It is important to note that although all of these artifacts are clearly identifiable in this modelling, in the real Earth the data is much more complex and distinguishing these artifacts from geological structure may be more challenging.
